Loss-of-function mutations in the X-linked immunoglobulin superfamily, member 1 (IGSF1) gene cause central hypothyroidism. IGSF1 is a transmembrane glycoprotein of unknown function expressed in thyrotropin (TSH)-producing thyrotrope cells of the anterior pituitary gland. The protein is cotranslationally cleaved, with only its C-terminal domain (CTD) being trafficked to the plasma membrane. Most intragenic IGSF1 mutations in humans map to the CTD. In this study, we used CRISPR-Cas9 to introduce a loss-of-function mutation into the IGSF1-CTD in mice. The modified allele encodes a truncated protein that fails to traffic to the plasma membrane. Under standard laboratory conditions, Igsf1-deficient males exhibit normal serum TSH levels as well as normal numbers of TSH-expressing thyrotropes. However, pituitary expression of the TSH subunit genes and TSH protein content are reduced, as is expression of the receptor for thyrotropin-releasing hormone (TRH). When challenged with exogenous TRH, Igsf1-deficient males release TSH, but to a significantly lesser extent than do their wild-type littermates. The mice show similarly attenuated TSH secretion when rendered profoundly hypothyroid with a low iodine diet supplemented with propylthiouracil. Collectively, these results indicate that impairments in pituitary TRH receptor expression and/or downstream signaling underlie central hypothyroidism in IGSF1 deficiency syndrome. (Endocrinology 158: 815-830, 2017) 
interruption of blood flow from the hypothalamus to the pituitary, surgery or radiotherapy, and/or other lesions (3) (4) (5) . More rarely, the disorder is congenital and presents as isolated CeH with mutations in the TSHb subunit, thyrotropin-releasing hormone (TRH) receptor, or TBL1X genes; or as a component of combined pituitary hormone deficiency associated with mutations in developmentally important transcription factors (e.g., HESX1, OTX2, PROP1, POU1F1, LHX3, LHX4, SOX2, SOX3, and GLI2) (6) (7) (8) (9) .
More recently, loss-of-function mutations in the immunoglobulin superfamily, member 1 (IGSF1) gene, with an estimated prevalence of 1 in 100,000 (2) , have emerged as a common cause of congenital CeH (2, (10) (11) (12) (13) (14) (15) (16) . As the gene is X-linked, IGSF1 deficiency syndrome (Online Mendelian Inheritance in Man no. 300888) primarily affects males (10) . Although CeH is a hallmark of the syndrome, carriers can also present with hypoprolactinemia and/or growth hormone deficiency, delayed pubertal testosterone rise, and, often, macroorchidism (10, 17) . IGSF1 is expressed in developing pituitary (Rathke's pouch) as well as in thyrotropes, lactotropes, and somatotropes of the differentiated gland (11, 18) . Thus, deficits in pituitary hormone production/ secretion may represent cell-autonomous effects of impaired IGSF1 function. IGSF1/Igsf1 messenger RNA (mRNA) expression has been reported in rat, human, and mouse testes, as has IGSF1 protein expression in rat testes (11, 18, 19) . However, it is presently unclear whether testicular enlargement results from loss of protein function in the testis or from indirect endocrinopathies (20) (21) (22) .
The IGSF1/Igsf1 gene encodes a 12 Ig-loop (C2-type) transmembrane glycoprotein that is cotranslationally cleaved in the endoplasmic reticulum (ER) into N-and C-terminal domains (CTDs) (11, (23) (24) (25) . The CTD traffics to the plasma membrane, whereas the N-terminal domain appears to be retained in the ER (25) . Intragenic mutations in IGSF1 cluster in the part of the gene encoding the IGSF1-CTD (Supplemental Fig. 1 ) and inhibit the protein's expression at the cell surface (11, 13-15, 17, 26) . Because the phenotypes of individuals with intragenic mutations (whether missense, frame-shift, or nonsense) are comparable to those with entire gene deletions, it appears that the IGSF1-CTD is the functional part of the protein and must reach the cell surface to perform its normal cellular activities. These activities, however, are presently unresolved.
Some insight was gleaned from preliminary investigations of a knockout mouse model in which exon 1 of the 20-exon Igsf1 gene was replaced by a positive selection marker (Igsf1 Dex1 ) (19) . Although exon 1 is noncoding (translation of the full-length protein starts in exon 2), pituitary expression of at least three major Igsf1 mRNA isoforms is abrogated in these mice. Moreover, they exhibit CeH, although with variable penetrance (11, 19) . The initial report indicated low to normal serum TSH levels, reduced pituitary TSH content, and low to normal serum T3 and T4 levels, perhaps due to a reduction in pituitary Trhr1 mRNA expression (11) . A possible explanation for the heterogeneity of the CeH phenotype is the retention of at least one mRNA isoform in Igsf1
Dex1 mice, Igsf1 isoform 4 (Igsf1-4). Igsf1-4
derives from an alternate promoter in intron 9 of the Igsf1 gene and is therefore intact in these animals (19) . At present, there is no evidence that Igsf1-4, which encodes the entirety of the CTD, is upregulated in Igsf1 Dex1/y mice.
Moreover, the IGSF1-CTD protein is not observed in their pituitaries. It is still possible, however, that it may be expressed at levels too low to be detected but may retain functionality in some mice under some conditions (19, 25) .
To address this possibility and completely abrogate IGSF1-CTD function, we used CRISPR-Cas9 to generate a novel Igsf1 loss-of-function mouse model. Strikingly, these mice exhibit phenotypes highly similar to the original Igsf1
Dex1 model. Results from these two strains converge to indicate that the principal impairment in IGSF1 deficiency syndrome is attenuated TRH actions in pituitary thyrotropes.
Materials and Methods

CRISPR guide RNA construction
DNA oligonucleotides encoding the CRISPR RNA (crRNA) sequence were purchased from Integrated DNA Technologies (Coralville, IA) (Supplemental Table 1 ). The oligonucleotides were annealed and 5 0 phosphorylated in the same reaction. Briefly, 10 mM of each primer was mixed with 13 T4 ligase buffer (Promega, Madison, WI) and 5 U of T4 polynucleotide kinase (New England Biolabs, Whitby, ON, Canada) and incubated at 37°C for 30 minutes. The reaction was then incubated at 95°C for 5 minutes before the temperature was ramped down to 25°C at a rate of 5°C/min. The annealed oligonucleotides were ligated into the pX330 vector (42230; Addgene, Cambridge, MA) in a digestion-ligation reaction. Briefly, the pX330 vector was digested with 10 U of BbsI (FastDigest; Thermo Fisher, Burlington, ON, Canada). In the same reaction, the annealed/phosphorylated oligonucleotides were ligated into the digested vector using 10 U of T4 DNA ligase (Promega) in the presence of 13 FastDigest buffer, 1 mM dithiothreitol, and 1 mM adenosine triphosphate. The reaction was cycled six times for 5 minutes at 37°C and 5 minutes at 23°C. The resulting plasmid (11 mL) was treated with 10 U of PlasmidSafe exonuclease (Epicentre, Madison, WI) in the presence of 13 PlasmidSafe buffer and 1 mM adenosine triphosphate at 37°C for 30 minutes, and transformed into NEB10 competent bacteria (New England BioLabs, Ipswich, MA). Single colonies were selected and grown in 3-mL cultures of lysogeny broth supplemented with 100 mg/mL ampicillin.
Plasmid DNA was extracted using a plasmid DNA extraction kit (BS614; Bio Basic, Markham, ON, Canada ) and analyzed by Sanger sequencing (Génome Québec, Montreal, QC, Canada). Part of the plasmid including the T7 promoter and guide RNA, which comprises crRNA and transactivating crRNA, were amplified by polymerase chain reaction (PCR) using oligonucleotides from Integrated DNA Technologies (Supplemental Table 1 ). The PCR product was gel purified with the Bio Basic gel extraction kit (BS654) following the manufacturer's instructions, and transcribed to RNA using the MAXIscript T7 kit (AM1312; Thermo Fisher, Burlington, ON, Canada) following the manufacturer's instructions.
Development of Igsf1-deficient mice
Mice were generated by cytoplasmic microinjections of the guide RNA described above and Cas9 mRNA (CAS9MRNA; Sigma-Aldrich, Oakville, ON, Canada) into single-cell mouse C57BL6/N zygotes (Harlan, Indianapolis, IN). The microinjections were performed at the Goodman Cancer Research Centre Mouse Transgenic Facility at McGill University. The injected zygotes were cultured overnight in KSOM (ZEKS-050; Zenith Biotech, Guilford, CT) droplets under mineral oil (ZSCO-100; Zenith Biotech) in a 35-mm dish at 37°C in a 5% CO 2 incubator. The 36 embryos that developed to the two-cell stage were transferred to the oviducts of two pseudopregnant CD1-Elite females (Charles River Laboratories, Wilmington, MA). Five pups were born from only one female and were genotyped by PCR amplifying genomic DNA extracted from tail biopsies using 0.5 mL of lysis buffer [100 mM Tris-HCl (pH 8.5), 5 mM EDTA (pH 8.0), 200 mM NaCl, 0.2% (v/v) sodium dodecyl sulfate (SDS), and 100 mg/mL proteinase K]. The targeted region of Igsf1 was amplified by PCR using primers in Supplemental Table 1 , resolved on a 1% agarose gel, and gel purified. The product was sent for direct Sanger sequencing (Génome Québec) using the primers in Supplemental Table 1 . A founder female had 6-bp and 312-bp deletions in her two Igsf1 alleles, both of which were germline transmissible. As described in Results, the 312-bp mutation, subsequently called Igsf1 D312 , was pursued.
Animal housing and collection
Igsf1
D312 mice (Igsf1 em1Djb ; Mouse Genome Informatics no. 5779502) are described above and Igsf1
Dex1 mice (Igsf1 tm1Zuk ; Mouse Genome Informatics no. 2671049) were previously described (19) . All animals were housed on a 12:12-hour light/ dark cycle and were given ad libitum access to food and water. The diet consisted of standard rodent chow (2020X, Teklad diets; Envigo, Toronto, ON, Canada) unless otherwise specified. All animal work was conducted in accordance with federal and institutional guidelines and with the approval of the Goodman Cancer Centre Facility Animal Care Committee at McGill University (protocol no. 5204).
Eight-to 10-week-old animals were euthanized by CO 2 asphyxiation. Blood was collected by cardiac puncture, and pituitary glands were extracted and either flash frozen in liquid nitrogen, or frozen in liquid nitrogen in 500 mL of TRIzol. Blood was allowed to coagulate at room temperature (RT) for 30 minutes and spun down for 10 minutes at 3000 rpm. The serum was collected and stored at 220°C until measurements were taken. The pituitaries were stored at 280°C until processed. Table 1 ) following the QuikChange mutagenesis cycling conditions. The resulting linear PCR product was ligated with 10 U of T4 DNA ligase at 4°C overnight. The 6-and 9-bp deletions were introduced using the QuikChange mutagenesis protocol with the primers indicated in Supplemental Table 1 . The murine IGSF1-1 expression plasmid was generated by amplifying the full-length Igsf1-1 from wild-type mouse pituitary cDNA with primers containing XhoI and HindIII restriction sites (Supplemental Table 1 ). The PCR product was then ligated into pcDNA3.0 digested with the same enzymes. All plasmids were transformed into NEB10 component bacteria and confirmed by sequencing (Génome Québec).
Cell transfection
HEK293 cells (provided by Dr. Terry Hébert, McGill University) were cultured in Dulbecco's modified Eagle medium (319-005Cl; Wisent, Saint-Jean-Baptiste, QC, Canada) supplemented with 10% FBS (12483-020; Gibco, Burlington, Ontario). The cells were seeded at 800,000 cells per well in sixwell plates (3516; Costar, Corning, NY) and were transfected with the indicated plasmids the following day. Two micrograms of plasmid were incubated in serum-free Dulbecco's modified Eagle medium with 6 mg of polyethylenimine for 15 minutes. The complex was then added to the cells in serum-free medium and incubated for 2 hours, before the medium was changed to complete medium.
Immunoblotting and deglycosylation assays SDS-polyacrylamide gel electrophoresis (SDS-PAGE), immunoblots, and protein extraction were performed essentially as in Sun et al. (11) . Briefly, for lysates from tissue, pituitary glands were dissected from 8-week-old males, immediately frozen in liquid nitrogen, and kept at -80°C until analysis. The protein lysates were extracted by adding 50 to 100 mL of RIPA buffer (150 mM NaCl, 50 mM sodium fluoride, 10 mM NaPO 4 , 2 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) containing protease inhibitors [2 mg/mL aprotinin, 2 mg/mL leupeptin, 1 mg/mL pepstatin A, and 0.2 M phenylmethylsulfonyl fluoride (PMSF)] directly in the tube containing the frozen tissue. A handheld homogenizer was used to dissociate the tissue. To extract lysates from cell culture, cells were washed twice with 1 mL of phosphate-buffered saline (PBS) and then incubated for 20 minutes with 300 mL of IP lysis buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100] containing protease inhibitors (2 mg/mL aprotinin, 2 mg/mL leupeptin, 1 mg/mL pepstatin A, and 0.2 M PMSF). The cells were then transferred to 1.5-mL tubes. Lysates from cells and pituitaries were sonicated with a microtip probe sonicator (Sonicator 3000; Misonix, Farmingdale, NY) for 15 seconds at 3 W and then spun down for 20 minutes at 13,000 rpm at 4°C. Protein concentrations were measured using BCA assays (Thermo Fisher) following the manufacturer's instructions. Where indicated, 20 mg of each protein lysate was denatured at 95°C for 10 minutes and then deglycosylated with 50 U of EndoH (P0702S), PNGaseF (P0704S; New England Biolabs), or left untreated for 2 hours at 37°C prior to being resolved by SDS-PAGE. In all other cases, 10 mg of each protein lysate was denatured at 70°C for 10 minutes in Laemmli buffer and resolved by SDS-PAGE on 8% Tris-glycine gels. Proteins were transferred to Protran nitrocellulose membranes (NBA083C001EA; Perkin Elmer, Waltham, MA), blocked in 5% nonfat milk in Tris-buffered saline [TBS; 150 mM NaCl, 10 mM Tris (pH 8.0)] containing 0.05% Tween 20 (TBST), and incubated in the indicated primary Ab in 5% milk in TBST overnight at 4°C with agitation. The polyclonal rabbit antimouse IGSF1 primary Ab (1:1000) was first described in Robakis et al. (25) , and the mouse anti-b-actin Ab was purchased from Sigma-Aldrich (St. Louis, MO; 1:40,000, A5441) (Supplemental Table 2 ). The next day, the membranes were washed in TBST and subsequently incubated in horseradish peroxidase-conjugated rabbit or mouse secondary Ab (1:5000, goat anti-mouse 170-6516, goat anti-rabbit 170-6515; Bio-Rad Laboratories, Mississauga, ON, Canada) in 5% milk in TBST. Blots were washed in TBST, incubated with ECL Western Lightning Plus (NEL105001EA; PerkinElmer, Boston, MA), and exposed to HyBlot CL autoradiography film (E3018; Denville Scientific, Metuchen, NJ).
TRH stimulation
Adult male Igsf1
+/y and Igsf1 D312/y mice were injected with TRH (P1319; Sigma-Aldrich, 10 mg/kg body weight) by intraperitoneal (i.p.) injection with ;200 mL of 1 ng/mL TRH diluted in PBS containing 0.002% bovine serum albumin (BSA). Half of the mice were injected at 8 weeks and the other half were injected at 9 weeks. Prior to injection, blood was collected from the tail vein by creating a small incision with a scalpel on either side of the tail, ;1.5 to 3 cm from the base. Thirty microliters of blood was collected using EDTA-coated Microvettes (20.1278.100; Sarstedt, Nümbrecht, Germany) and immediately kept on ice. Blood samples were also collected 15 minutes, 1 hour, and 2 hours following TRH injection by rubbing the scab off of the previous incision with a sterile gauze soaked in PBS and proceeding as with the first sample. The samples were spun at 3000 rpm for 10 minutes at 4°C and the plasma was collected and stored at 220°C until analyzed. To minimize stress, the mice were handled daily for 2 weeks prior to the experiment and were not restrained during blood collection.
Adult 8-week-old male Igsf1 +/y and Igsf1 Dex1/y mice were injected with TRH as described previously. Blood was collected by submandibular venipuncture prior to the injection, and animals were killed by CO 2 asphyxiation 15 minutes postinjection. Blood was then collected by cardiac puncture and serum was collected as described previously.
Diet-induced hypothyroidism
Eight-or 10-week-old Igsf1 +/y and Igsf1 D312/y mice were fed a low iodine (LoI) diet supplemented with 0.15% propylthiouracil (PTU; TD.95125, Teklad diets; Envigo, Toronto, ON, Canada) for 3 weeks ad libitum. The diet was changed every Monday, Wednesday, and Friday to replace the PTU. Blood samples were collected from the animals prior to starting the diet, and after 1 week and 2 weeks on the diet, by performing submandibular venipuncture (∼100 to 200 mL). At the end of the third week, the animals were killed, their blood was collected by cardiac puncture (∼500 to 800 mL), and their pituitary glands were collected in 500 mL of TRIzol (Invitrogen) and immediately frozen in liquid nitrogen. Serum was collected from the blood samples as described previously. Eight-week-old male Igsf1 +/y and Igsf1 Dex1/y mice were fed an LoI/PTU diet or a regular diet for 3 weeks. Blood and pituitary glands were collected as described above after 3 weeks on the indicated diet. (27) with the following modification. 125 I-labeled rat TSH was obtained from the Institute of Isotopes (Budapest, Hungary) and precipitation used in-house produced sheep anti-rat IgG. The TSH Milliplex assay was performed following the manufacturer's instructions with some modifications. In particular, serum samples collected from animals on the LoI/PTU diet were diluted 1:5 in serum matrix provided in the kit prior to measurement, as pilot experiments indicated that undiluted samples were out of the assay range. Ten microliters of each dilution was used in the assays. Proteins were extracted from frozen pituitary using lysis buffer [50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 1% (v/v) Triton X-100, 1 mM Na 3 NO 4 , 30 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mg/mL pepstatin A, 1 mg/mL leupeptin, 1 mg/mL aprotinin, 1 mM PMSF]. To measure pituitary TSH content, lysates were diluted 1:10,000 in assay buffer and 10 mL was used in the assay. The MAGPIX instrument with xPONENT software was used for the measurements, and the analysis was performed using the Milliplex Analyst 5.1 software. The range of detection was between 12.21 and 50,000 pg/mL. The intrassay coefficient of variation (CV) was 2.68%, and the interassay CV was 4.38%. ]. The T4 RIA was performed as described previously (28) . The T4 ELISA was performed using a commercially available ELISA kit purchased from MP Biomedicals (Cedarlane Laboratories, Burlington, ON, Canada, catalog no. 07BC-1007) following the manufacturer's instructions. The data were collected using a SpectraMax Plus 384 (Molecular Devices) plate reader and analyzed using SoftMax Pro v5.0.1. The range of detection was between 0.5 and 25 mg/dL. The intraassay CV was 1.4%, and the interassay CV was 6.8%. T3 levels were measured by RIA [ Fig. 3(c) ; see Supplemental Figs. 8C, 8D, and 12B] as described previously (28) .
Hormone measurements
Reverse transcription quantitative PCR
Total RNA was extracted from frozen pituitary glands in TRIzol following the manufacturer's instructions and using a Polytron PT 10-35 homogenizer. One hundred nanograms of RNA was treated with 1 U of RQ1 DNase (M6101; Promega) and reverse transcribed with 100 U of Moloney murine leukemia virus reverse transcriptase enzyme (M170B; Promega) in the presence of 20 U of RNAsin (N2111; Promega). Two microliters of the resulting cDNA was analyzed per reaction by quantitative PCR (qPCR) with the EvaGreen 23 qPCR MasterMix-S from Applied Biological Materials (Richmond, BC, Canada) and 0.4 pmol Tshb, Trhr1, Cga, Igsf1, Lhb, Fshb, or Rpl19 primers (Supplemental Table 3 ). All primer sets were designed to span introns. Single amplicons were confirmed by melting curve analyses and gel electrophoresis. Amplicon identity was validated by DNA sequencing. Primer set efficiency was determined by analyzing serially diluted pituitary cDNA. Data from primer sets with efficiencies that did not fall between between 90% and 110% were corrected as previously described (29) . The reactions were performed on a Corbett Rotor-Gene 6200 HRM (Corbett Life Science, Concord, NSW, Australia) according to the EvaGreen cycling conditions. Each sample was run in duplicate and normalized to Rpl19 using the 2 2DDCt method (30).
3
0 Rapid amplification of cDNA ends RNA was extracted from pituitaries as described previously. One microgram of RNA was reverse transcribed with reagents in the FirstChoice RLM-RACE kit from Ambion (AM1700; Thermo Fisher). Gene-specific primers (outer, 5
0 ) were used with the kit's outer and inner primers, respectively, to amplify the region of interest by nested PCR. The inner PCR product, flanked with BamHI and HindIII restriction sites, was ligated into pBluescript II KS (+) (X52328; Stratagene, La Jolla, CA) digested with the same enzymes using 10 U of T4 DNA ligase in the presence of 13 T4 DNA ligase buffer at 4°C overnight. The plasmid was transformed into NEB10 competent bacteria, white colonies were selected, and the plasmid DNA was extracted and sequenced (Génome Québec).
Immunohistochemistry
Mice were injected with an overdose of tribromoethanol (Avertin, 20 mL/g body weight, T48402; Sigma-Aldrich) followed by isoflurane inhalation. The anesthetized mice were perfused intracardially with 20 mL of PBS, followed by 20 mL of 4% paraformaldehyde (PFA) in PBS. The pituitary glands were dissected and fixed further in 4% PFA in PBS for 1 hour at RT, followed by an overnight incubation in a 30% sucrose solution in PBS. The pituitary glands were frozen in OCT (4583; Tissue-Tek, Sakura Finetek, Torrance, CA), sectioned at 5 mm with a Leica cryostat, and mounted on glass slides. The sections were washed with PBS containing 0.5% Triton X-100. They were then incubated with 0.5% H 2 O 2 solution in PBS for 30 minutes at RT. Following three 10-minute washes in PBS, the sections were blocked for 1 hour at RT in 3% normal donkey serum in PBS and incubated overnight at RT with a goat anti-TSHb Ab (1:500, sc-7815; Santa Cruz Biotechnology, Dallas, Texas) (Supplemental Table 2 ). The next day, the sections were washed in PBS, incubated with rabbit anti-goat biotinylated secondary Ab (1:200, BA-5000; Vector Laboratories, Burlingame, CA) in 3% donkey serum for 1 hour at RT, washed three times for 10 minutes in PBS, incubated with Vectastain ABC reagents for 30 minutes at RT (PK6100; Vector Laboratories), and washed three times for 10 minutes in PBS. The sections were then incubated in a diaminobenzidine solution [0.05% diaminobenzidine, 0.015% H 2 O 2 , in PBS (pH 7.2)] for 5 minutes, followed by washing three times for 10 minutes in PBS. Coverslips were then mounted using Permount. Sections were examined using a Leica DM 1000 LED microscope. The TSHb + cells (i.e., brown cells) were counted in two sections per animal. For each section, the number of TSHb + cells was normalized to the area of the anterior pituitary analyzed.
In situ hybridization
All in situ hybridization (ISH) experiments were carried out as previously described (31) . Briefly, brains dissected from male 12-week-old Igsf1 +/y and Igsf1 Dex1/y mice and 10-week-old Igsf1 +/y and Igsf1 D312/y mice were flash frozen in isopentane cooled to 230°C to 250°C on dry ice and stored at 280°C. Coronal 20-mm slices were cut on a cryostat (Leica CM 3050S), thaw-mounted on silane-treated slides (Thermo Scientific, Darmstadt, Germany), air-dried and stored at 280°C until further processing. Radiolabeled riboprobes were generated by in vitro transcription using the linearized Bluescript SK II (+) plasmid containing a cDNA fragment corresponding to nucleotides 1251 to 1876 of mouse Trh (NM_009426.2) and [
35 S] uridine triphosphate as labeled substrate (Hartmann Analytic, Braunschweig, Germany). The [
35 S]-labeled Trh riboprobe was diluted in hybridization buffer [50% formamide, 10% dextran sulfate, 0.6 M NaCl, 10 mM Tris/HCl (pH 7.5), 13 Denhardt's solution, 100 mg/mL sonicated salmon sperm DNA, 1 mM EDTA-di-Na, 0.5 mg/mL transfer RNA, and 10 mM dithiothreitol] to a final concentration of 1 3 10 4 cpm/mL. Additionally, unlabeled TRH riboprobe (final concentration: 0.5 ng/mL) was added to the hybridization mix. Prior to application, frozen sections were fixed with 4% PFA in PBS for 60 minutes at RT, rinsed three times with PBS, and then permeabilized with 0.4% Triton X-100 in PBS for 10 minutes. After a washing step with PBS, sections were incubated in 0.1 M triethanolamine (pH 8), supplemented with 0.25% (v/v) acetic anhydride for 10 minutes, and rinsed three times with PBS. Sections were dehydrated with successive ethanol washes of increasing concentrations, followed by air-drying. Coverslips were then overlayed and sections incubated in a humidified chamber at 58°C for 16 hours. Two times standard saline citrate [SSC; 0.3 M NaCl, 0.03 M sodium citrate (pH 7.0)] was used to remove coverslips after hybridization and sections were treated with RNase A (20 mg/mL) and RNase T 1 (1 U/mL) at 37°C for 30 minutes. Sections were then washed at RT with decreasing concentrations of SSC (13, 0.53, and 0.23) for 20 minutes each and then incubated in 0.23 SSC at 65°C for 1 hour. Sections were dehydrated and exposed to x-ray film (BioMax MR; Kodak, Rochester, NY) for 24 hours and then dipped in Kodak NTB2 nuclear emulsion and stored at 4°C for 3 days. Autoradiograms were developed in Kodak D19 for 7 minutes and fixed in Kodak Rapid Fixer for 14 minutes. Sections were viewed under darkfield illuminations. Images were quantified using ImageJ, where background signal was subtracted from the signal intensity and divided by the area of the image.
T3/T4 replacement
Eight-week-old male Igsf1 +/y and Igsf1 Dex1/y mice were subjected to a LoI/PTU diet (as described above). During the last 4 days, mice were injected i.p. with Dulbecco's PBS containing 0.002% BSA (control), 5 ng of L-T3/g body weight per day (low T3), 25 ng of L-T3/g body weight per day (high T3), or 100 ng of L-T4/g body weight per day (T4). L-T3 and L-T4 were dissolved in 1 M NaOH/EtOH (1:10) at 1 mg/mL and diluted in Dulbecco's PBS with 0.002% BSA for working concentrations of 1 mg/mL (low T3), 200 mg/mL (high T3), and 100 mg/mL (T4), allowing injection of ;200 mL per animal regardless of treatment. Twelve hours after the last injection, animals were killed via CO 2 asphyxiation and blood, brains, and pituitaries were collected as described above.
Statistics
Body weight, testis weight, thyrotrope cell number, and hormone levels were compared using unpaired two-tailed t tests. Statistical comparisons of mRNA levels were made using unpaired t tests, with Welch's correction when the standard deviations (SDs) were significantly different as assessed by F test. The mRNA levels from Igsf1 D312/y animals were normalized relative to those of Igsf1 +/y littermates for each gene analyzed. In the case of the mRNA analysis of the mice on the standard and LoI/PTU diets, Tshb, Cga, and Trhr1 data were square root transformed to make the distributions normal. Data from TRH injection experiments with the Igsf1 D312/y mice, from the LoI/PTU experiment with the Igsf1
Dex1/y mice, and from Trh ISH with the Igsf1
Dex1/y mice were analyzed by two-way analysis of variance (ANOVA). The TSH measurements from the LoI/PTU diet experiment with the Igsf1 Dex1/y mice were log transformed. The T3 and T4 data from the same experiment were analyzed by a one-sample t test. The data from the LoI/PTU diet experiment with Igsf1 D312/y mice, as well as from the TRH injection experiment with the Igsf1 Dex1 mice, were analyzed with a hybrid repeated measures two-way ANOVA. Genotype was a between-subject factor and time was a withinsubject factor. In the experiment comparing Igsf1 D312/y and control mice on the LoI/PTU diet vs normal diet, the Trhr1 mRNA levels were log transformed. The TSH levels after 3 weeks on the diet and 15 minutes after TRH injections were also compared by unpaired two-tailed t tests post hoc. Datasets with potential outliers were tested with ROUT (Q = 1.0%). Outliers were not removed from figures, but alternative statistical tests without outliers are presented in the figure legends (see Supplemental Figs. 8A and 10A) when outliers were present. The number of replicates and results of the statistical tests are found in the text and figure legends. The statistical analyses were made using GraphPad Prism 6. Significance was assessed relative to P , 0.05.
Results
Generation of a novel Igsf1 loss-of-function mouse model
A potential concern with Igsf1 Dex1 mice is that they continue to express the Igsf1-4 mRNA isoform in their pituitary glands (19) . Igsf1-4 mRNA encodes the entirety of the IGSF1-CTD (Supplemental Fig. 2 ) and could, in principle, compensate for the loss of the protein derived from the larger, more abundant Igsf1-1 transcript. To address this concern, we generated a new loss-of-function mouse model that directly disrupts the IGSF1-CTD, regardless of the transcript from which it is derived. There are no consensus mutations in IGSF1-deficient patients; however, there is a relatively high density of frame-shift and nonsense mutations in exon 18, which encodes the terminal 12th Ig loop (Supplemental Fig. 1) . We, therefore, used CRISPR-Cas9 technology to introduce deletions in Igsf1 exon 18 of one-cell murine zygotes (32, 33 ). An initial litter of five pups contained one male and one female without any observable Igsf1 mutations (CRISPR.1 and CRISPR.5 in Supplemental  Fig. 3) ; one male with a 9-bp deletion (recall that Igsf1 is X-linked; CRISPR.3); one female with a 6-bp deletion on one allele and no mutation on the other (CRISPR.4); and a female (hereafter CRISPR.2) with a 6-bp deletion on one allele and a 312-bp deletion on the other [ Fig. 1(a) , lane 1; Supplemental Fig. 3 ].
As the 6-and 9-bp deletions were in-frame, we examined whether they were damaging in a heterologous in vitro expression system. Neither markedly affected expression of the IGSF1-CTD (Supplemental Fig. 4 , compare lanes 4 and 5 to lanes 2 and 3). In contrast, the 312-bp deletion removed the 3 0 end of exon 18 (139 bp) and the 5 0 end of intron 18 (173 bp) of the Igsf1 gene [ Fig. 1(b) ]. This deletion, which we now refer to as Igsf1
D312
, was predicted to cause a frame-shift and premature termination of the CTD (more below). We therefore pursued analyses using this allele.
To address concerns about off-target effects of the Cas9 enzyme, we examined the three noncoding and three coding regions most likely to be targeted by the guide RNA, according to Hsu et al. (34) . None of these regions was altered in Igsf1 D312/y mice (data not shown).
The Igsf1 D312 allele encodes a truncated IGSF1-CTD Igsf1 mRNA expression was altered in pituitaries of Igsf1 D312/y males (please note that as this is an X-linked gene and a male-specific disorder, our analysis was limited to male mice). In contrast to the splicing of exons 18 and 19 seen in wild-type mice, the mutants expressed an mRNA harboring a novel hybrid exon comprising the 5 0 end of exon 18 (140 bp) and the 3 0 end of intron 18 (215 bp) spliced to exon 19 [ Fig. 1(b) , right]. As a result, 47 amino acids normally encoded by exon 18 were lost and six novel amino acids followed by a premature stop codon were introduced from the retained intron 18 sequence. Amino acids encoded by exons 19 and 20, including the transmembrane domain and intracellular C-terminal tail (C-tail), were lost (Supplemental Fig. 5) . No Igsf1 D312/y mutants expressed the wild-type Igsf1 mRNA (Supplemental Fig. 6A ), and no wild-type mice expressed the mutant Igsf1 mRNA in their pituitary glands (Supplemental Fig. 6B ).
Premature truncation of the human protein in Ig loop 12 prevents membrane trafficking of the IGSF1-CTD (10, 11, 13, 15, 17, 35) . This appeared to be the case in Igsf1 D312/y mice as well. As expected, the IGSF1-CTD in wild-type mouse pituitary migrated as a doublet on SDS-PAGE [ Fig. 2(a), lanes 1 to 4) . These represent mature (top band, EndoH-resistant) and immature glycoforms (bottom band, EndoH sensitive) of the protein [ Fig. 2(b Dex1/y males had suppressed TSH and T3 levels on a control diet relative to wild-type controls (11) . However, follow-up analyses in the same strain yielded variable results, with TSH, T4, and T3 levels differing or not between genotypes depending on the experiment (Supplemental Fig.  8 ). In this study, in the new model, serum TSH, T4, and T3 levels were statistically equivalent between Igsf1 D312/y males and their wild-type littermates [ Fig.  3(a-c)] , although there was a nonsignificant trend for TSH levels to be reduced in the former (P = 0.4481). TSH protein content, however, was significantly reduced in the pituitaries of Igsf1 D312/y males [ Fig. 3(d) ]. Reduced TSH production did not appear to result from a reduction in the number of thyrotropes in Igsf1 D312/y mice [ Fig. 3(e) ].
In light of these results, we measured pituitary Tshb, Cga, and Trhr1 mRNA levels in a second cohort of mice (as pituitaries in the previous cohort were used in the protein content analysis). We observed significant decreases in pituitary expression of all three genes in Igsf1 D312/y relative to wild-type littermates [ Fig. 3(f-h) ].
In contrast, Fshb or Lhb mRNA levels were normal in pituitaries of Igsf1 D312/y males (Supplemental Fig. 9B-E) .
Notably, there was again a nonsignificant trend for serum TSH to be reduced in this cohort of Igsf1 D312/y males relative to controls; their T4 levels were equivalent to wild-type (Supplemental Fig. 10 ). 10) were subjected to SDS-PAGE and immunoblotting using an anti-IGSF1-CTD antibody. Arrows mark the mature and immature glycoforms in wild-type and the truncated protein in D312 males. *, nonspecific bands. (b) Protein extracts from two wildtype (lanes 1 to 6) and two D312 males (lanes 7 to 12) were treated with EndoH or PNGaseF prior to analysis as in (a). (c) RNA was extracted from pituitaries of adult wild-type (circles) or D312 males (squares). mRNA expression of Igsf1 was analyzed by reverse transcription qPCR using primers common to both transcripts. Group means are indicated with solid horizontal lines. The data were analyzed by a two-tailed t test (t = 19.95, df = 12.64, ****P , 0.0001). IB, immunoblotting; WT, wild-type. 
TSH release is blunted in
D312/y males demonstrated a clear impairment in pituitary TSH synthesis, they were nonetheless able to maintain an apparently euthyroid state under normal laboratory conditions. We next asked how they would respond to a physiological challenge. Specifically, we rendered mice profoundly hypothyroid by placing them on an LoI/PTU diet for a period of 3 weeks. Serum T4 levels were significantly reduced within 1 week and maximally by 2 weeks in both genotypes on the LoI/ PTU diet [ Fig. 4(b) ]. Serum TSH levels increased markedly across the 3 weeks of the experiment, from 2725.0 to 159,100.0 pg/mL [ Fig. 4(a) ] in wild-type males. TSH levels also increased in Igsf1 D312/y mice, but the response was significantly blunted, from 2410.25 to 58,412.5 pg/mL [ Fig. 4(a) ]. Associated with the impaired TSH secretion, Tshb, Cga, and Trhr1 mRNA levels were also reduced in pituitaries of Igsf1 D312/y males relative to controls after 3 weeks on the LoI/PTU diet [ Fig. 4(c-e) ].
In a second, but smaller cohort of animals, we directly compared pituitary gene expression on the control and LoI/PTU diets. Pituitary Tshb, Cga, and Trhr1 mRNA levels increased in response to the LoI/PTU diet in both genotypes, but the response was blunted in Igsf1 D312/y relative to control mice (Supplemental Fig. 11 ). Consistent with these data in Igsf1 D312/y mice, the previously described Igsf1 knockout strain (Igsf1 Dex1/y ) also secreted less TSH on the LoI/PTU diet than did controls (Supplemental Fig. 12 ).
TRH-induced TSH release is blunted in
Igsf1-deficient mice As Igsf1 is expressed in both the pituitary and brain (11, 18, 19, 36) , blunted TSH release in Igsf1-deficient mice on the LoI/PTU diet could be explained by dysfunction in thyrotrope cells, the hypothalamus, or both. We reported previously that hypothalamic Trh mRNA levels were increased in Igsf1
Dex1/y relative to control mice (11) . Similarly, in this study we observed a small, but significant increase in Trh mRNA levels in the paraventricular nuclei (PVN) of Igsf1 D312/y mice relative to littermate controls on standard laboratory chow [ Fig.  5(a) ]. Circulating T4 levels were normal in these particular animals (Supplemental Fig. 10B ). It is therefore unclear whether the increased Trh mRNA levels reflected a response to peripheral hypothyroidism that we failed to detect or a hypothalamic defect. That being said, Trh mRNA levels were equally high in the PVN of wild-type and Igsf1 Dex1/y mice on a LoI/PTU diet, and they were equivalently downregulated in response to exogenous T3 or T4 (Fig. 5B) . Thus, increased Trh mRNA levels in Igsf1-deficient mice likely reflect mild hypothyroidism (i.e., reduced feedback) that our assays failed to detect. Fig. 6(a) ]. Plasma TSH levels were still elevated, but well below peak, after 1 hour (2090.25 pg/mL), and returned to baseline 2 hours after TRH injection (896.25 pg/mL). The TSH response in Igsf1 D312/y mice was comparatively blunted (921.5 to 6925.0 pg/mL) 15 minutes after TRH injection [ Fig. 6(a) ].
We observed a similar impairment in TRH-induced TSH release in Igsf1 Dex1/y mice compared with Igsf1 +/y littermates [ Fig. 6(b) ]. Note that the experiments in Fig. 6 used different TSH assays (ELISA vs RIA). However, we showed in independent analyses that the two assays yielded highly similar results when applied to the same samples (data not shown).
Discussion
Loss of IGSF1 function results in central hypothyroidism in humans and mice (11) . Until now, the underlying disease mechanism was unresolved. Based on the results of analyses in two distinct, but complementary mouse models, we conclusively demonstrate that IGSF1 deficiency causes a reduction in pituitary responsiveness to TRH. Specifically, pituitary Trhr1 expression is downregulated, resulting in impairments in TRH induction of TSH synthesis and secretion. Consistent with this model, TRH-induced TSH release is also impaired in nearly all neonatal IGSF1-deficient patients, and it is impaired or low-normal in children and adults (11, 12) . Therefore, central hypothyroidism in IGSF1 deficiency syndrome stems principally from a defect in pituitary (and specifically thyrotrope), rather than brain, function.
Although IGSF1 is expressed centrally (18, 36, 37) , the available data do not suggest a hypothalamic defect. First, Trh mRNA expression is modestly elevated, not reduced, in the PVN of Igsf1-deficient mice. Assuming that increased expression translates into enhanced TRH release, one would expect increased TSH levels in these animals. Rather, TSH synthesis and/or secretion are either normal or reduced, further supporting the proposed mechanism of impaired TRH action. Second, Trh mRNA expression is appropriately reduced in response to exogenous T3 or T4 in the PVN of Igsf1
Dex1/y mice, indicating that thyroid hormone feedback regulation in the brain is intact. Admittedly, we cannot definitively rule out hypothalamic defects until we measure TRH release at the level of the pituitary portal vessels. However, these are technically challenging experiments, particularly in mice, and may Figure 4 . TSH release is blunted in Igsf1 D312/y mice. Ten-week-old male wild-type (black line with circles) and Igsf1 D312/y (black line with squares) mice were placed on a LoI/PTU diet for 3 weeks. (a) Serum TSH was measured immediately before, and then at weekly intervals after, mice were placed on the diet. The data were analyzed by hybrid two-way ANOVA [interaction: F(3, 75) = 40.6, ****P , 0.0001; time on diet: F(3, 75) = 184.0, ****P , 0.0001; genotype: F(1, 25) = 77.68, ****P , 0.0001] and post hoc t tests. n = 14 for wild-type and n = 13 for Igsf1 Although Trhr1 mRNA levels are reduced in pituitaries of Igsf1-deficient mice, we do not yet know whether this alone explains their CeH. Mice with global deletions of Trhr1 have greater reductions in thyroid hormone levels (38, 39) than we observe in either Igsf1-deficient strain. However, the more apt comparison would be with heterozygous Trhr1 knockout mice, as the animals analyzed in the present study have reduced, but not absent, Trhr1 expression. Unfortunately, to our knowledge, the phenotypes of Trhr1 +/2 mice have not been investigated systematically. It is also possible that, in addition to reductions in Trhr1 expression, Igsf1-deficient mice might exhibit alterations in hormone metabolism at the pituitary level. For example, increases in expression of the TRH degrading enzyme (Trhde) could reduce pituitary sensitivity to TRH (exogenous or endogenous). However, we did not observe alterations in pituitary Trhde mRNA levels in either Igsf1-deficient strain (data not shown). Alternatively, increased sensitivity of the pituitary to thyroid hormone feedback (e.g., through alterations in deiodination or action) could contribute to reduced TSH production or release (40) (41) (42) (43) (44) (45) . However, Trhr1, Tshb, and Cga mRNA levels, as well as TSH release, were attenuated in Igsf1-deficient animals on the LoI/PTU diet, suggesting that their regulation is at least in part thyroid hormoneindependent. Therefore, the available data point principally to a defect in expression of and/or signaling by the TRH receptor in thyrotropes. The molecular basis for reduced Trhr1 expression in Igsf1-deficient mice is presently unresolved. This stems from our relatively limited understanding of mechanisms controlling Trhr1 mRNA expression in thyrotropes (46) (47) (48) coupled with our ignorance of IGSF1 function. The data suggest that IGSF1 may be a positive regulator of Trhr1 mRNA expression, but they provide no insight into the basis for this regulation. The IGSF1-CTD is a transmembrane protein with a large extracellular domain of seven immunoglobulin loops and a short intracellular C-tail. Other transmembrane immunoglobulin proteins function as both ligands and receptors (49, 50), but molecules (proteins or otherwise) interacting with the extracellular domain of IGSF1-CTD have not been described. Moreover, the IGSF1-CTD C-tail lacks known functional domains. Therefore, we cannot yet determine whether or how IGSF1-CTD participates in intercellular or intracellular signaling, or how alterations in this signaling lead (directly or indirectly) to reductions in Trhr1 mRNA expression.
A major strength of the present study was our use of two independent mouse models of Igsf1 deficiency. Not only do the two models converge to indicate a major impairment in TRH action, but they each help address potential concerns about the other. First, we can conclude that the phenotypes of the newly generated Igsf1 D312 mice result from loss of IGSF1-CTD function and do not reflect off-target effects of the Cas9 enzyme (51) (52) (53) . Second, the variably penetrant phenotypes of the previously generated Igsf1 Dex1 model are unlikely to reflect compensatory actions of IGSF1-CTD derived from the residual Igsf1-4 transcript. In fact, both models show variable CeH phenotypes under standard laboratory conditions. It is only when increased demands are placed on the TRH signaling system that the full extent of CeH can be appreciated. One can imagine, therefore, that interindividual variation that we observe in these congenic strains may derive from Figure 6 . TRH-induced TSH release is blunted in Igsf1-deficient mice. (a) Eight-week-old male wild-type and Igsf1 D312/y mice were injected with TRH (i.p. 10 mg/kg). Blood samples were collected before the TRH injection as well as 15 minutes, 1 hour, and 2 hours after injection. Plasma TSH levels were measured by ELISA. Data were analyzed by two-way ANOVA [interaction: F(3, 99) = 30.31, ****P , 0.0001; time after injection: F(3, 99) = 160.9, ****P , 0.0001; genotype: F(1, 99) = 37.67, ****P , 0.0001] and post hoc t test, n = 13 for each genotype. The data from the 15-minute time point were expanded to show individual data points (two-tailed t test: t = 5.627, df = 22.72, ****P , 0.0001). (b) Male 8-weekold wild-type and Igsf1
Dex1/y mice were injected with TRH (i.p. 10 mg/kg). Blood samples were collected prior to and 15 minutes after TRH injection. Serum TSH levels were measured by RIA. Data were analyzed by two-way ANOVA perturbations in the laboratory environment that are imperceptible to or unnoticed by the investigators, such as temperature fluctuations or other stressors (54) (55) (56) . It is notable that individuals within a given family carrying the same IGSF1 mutation can similarly exhibit considerable variation in their relative extents of hypothyroidism (2, 10-15, 17, 57) . Whether this derives from epigenetic effects, modifier genes, or acute environmental variables has yet to be determined. In summary, central hypothyroidism in IGSF1 deficiency syndrome derives in full or in part from deficiencies in TRH action in pituitary thyrotrope cells. It is not yet clear whether Trhr1 downregulation alone explains the phenotype or whether there are also impairments in TRH receptor signaling. The mechanisms underlying the decrease in receptor expression as well as the normal functions of IGSF1 are still unresolved. What is clear, however, is that individuals with IGSF1 deficiency are likely to show impaired TSH synthesis and secretion under conditions that increase TRH drive from the hypothalamus to the pituitary gland.
